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[http://dx.doi.org/10.1063/1.4919129] Classical spintronics relies on the generation and manipulation of spin polarized electrical currents in magnetic conductors. It has been recently understood that spin currents can also be generated in non-magnetic materials using the spin-orbit coupling (SOC) interaction opening a new field called spin-orbitronics. The best known of these is the Spin Hall Effect (SHE) first introduced in the seventies.
1,2 It relies on a preferential directional scattering of electrons of different spins by SOC on crystalline imperfections. It thus results in the generation of a transverse spin current when a charge current flows in a large SOC material like, for instance, Pt. The inverse SHE (ISHE) has been widely used lately to sense a spin current as the SOC interaction converts it into a (transverse) charge current. Very recently, another SOC effect based on the Rashba interaction has been evidenced. It stems from the joint action of the SOC and built-in electric potentials in two-dimensional electron gases (2DEGs) existing at surfaces, interfaces, or semiconductor quantum wells. In these systems, a charge current generates a non-zero spin density and transverse spin accumulation 3, 4 in virtue of the Rashba Hamiltonian
where s is the spin vector, k is the momentum of charge carriers, z is the coordinate normal to the interface, and a R is the Rashba coefficient, proportional to the induced internal electric field. When in contact with a magnetic material, this spin density can apply a torque on the magnetization, a mechanism put forward to explain experimental results on current induced domain wall motion and magnetization switching. 5, 6 Recently, a related effect, the Inverse Rashba Edelstein Effect (IREE) has been demonstrated 7 where a spin current generated by ferromagnetic resonance (FMR) 8 in a magnetic layer, is converted into a charge current when flowing through an adjacent Ag/Bi interface. Bi(111) is indeed known to produce interface states with many materials where strong Rashba coupling takes place 9,10 and the Bi/Ag interface is known to be a particularly good one. 7 Interestingly, because the asymmetrical potential at the interface is responsible for generating the transverse spin/charge density, one can envision to tailor the spin to charge conversion by shaping the asymmetric well. In particular, and quite straightforwardly, the charge current direction should be reversed when Ag/Bi is replaced by Bi/Ag, i.e., the interface asymmetry is reversed. This is the aim of the present paper.
Controlling the stack sequence is not such a straightforward matter, mainly because of the tricky deposition of good quality Bi. Our trilayer system is therefore a little different, as shown in Figure 1 . Spins are injected using the ferromagnetic resonance induced pumping from a 10-nm thick epitaxial Fe layer DC sputtered on a single-crystal MgO(001) substrate. The films were grown at a temperature of 200 C in a combined pulsed laser deposition (PLD)-sputtering system with a base pressure of <5 Â 10 À9 Torr. They were then taken to air and introduced into another electron-beam evaporation system where bismuth layers with thickness between 7 and 40 nm were grown at room temperature in high vacuum (10 À7 Torr). Importantly, an approximately 2-nm thick native Fe oxide layer is formed after the air exposure. The MgO(001)//Fe(10 nm)/FeO X (%2 nm)/Bi(t) stacks were fully characterized by X-ray diffraction and reflectivity and vibrating sample magnetometry.
For the measurements, we proceed as in Ref. 7 where the signals from SiO 2 //Bi/Ag/NiFe systems were compared to the reference SiO 2 //Bi/NiFe bilayer. In this geometry (the spin current is coming from the top NiFe layer), the pure ISHE in Bi has the same sign as the IREE at the Ag/Bi interface. 7 In our trilayers ( Fig. 1(b) ), the spin current is generated from the bottom Fe layer and same comparison is made with the pure ISHE in the Bi of the simple system of Fig.  1 (a). In our experiment, an rf field is generated parallel to the long axis of the sample by a 500-lm wide Au microwave line as illustrated in Figure 1 (c). The ISHE/IREE voltage is measured through two gold contacts separated by 7 mm by a lock-in technique at room temperature. The rf signal, modulated by a square wave at a few kHz, is sent to the transmission line at frequencies between 8 and 14 GHz and at 15 dBm. The transmission cell was positioned between the poles of a rotating electromagnet providing dc magnetic fields up to 1.2 T at any in-plane angle.
When the static magnetic field and the microwave frequency fulfil the FMR condition, the precessing magnetization in the Fe layer generates a vertical spin current via spin pumping which is injected into the Bi layer through the native Fe oxide layer. It is then converted into a charge current in the Bi layer perpendicular to the magnetization direction by ISHE 11
where e is the electron charge, h is the reduced Planck constant, J S is the pumped spin current, and H SH is the spin Hall angle which quantifies the conversion efficiency between spin and charge currents. Figure 2 (a) for an Fe(10 nm)/Bi(t) with t ¼ 7.7 nm. As expected for ferromagnetic systems with a large magnetocrystalline anisotropy, two resonances can be observed along the hard direction at frequencies below a threshold value of the order of 10 GHz. The higher field ISH voltage peak corresponds to resonance in the saturated state where the magnetization and the static magnetic field are parallel, whereas these are not aligned for the lower field peak. The full dependence of the frequency on the static resonant magnetic field along the easy (Fe[100], in-plane direction at 45 from both the x and y axes) and hard axes is summarized in Figure 2(b) . The obtained dispersion relation of epitaxial Fe films is in very good agreement with the one previously determined by ISH measurements in Fe/Pt stacks. 12 The estimation of the spin Hall angle in bismuth can be extracted from the Bi thickness dependence of the ISH voltage in the stacks Fe(10 nm)/FeO X (%2 nm)/Bi(t). This is plotted in Figure 3 (a) where ISH voltages were measured at 9.46 GHz and 15 dBm for Bi thickness between 7 and 24 nm. The signal increases from 270 to 360 nV as the Bi thickness goes from 7.7 to 9.3 nm where it approaches its maximum and then decreases to 264 nV as the thickness is increased to 22.5 nm. This dependence with the thickness of the nonmagnetic layer is in good agreement with that recently reported by Emoto et al. 13 in Py/Bi bilayers and by other authors in similar magnetic/non-magnetic bilayers.
14 Interestingly, we do not observe the anomalous dependence reported by Hou et al. 15 in Py/Bi bilayers. This effect was attributed to a modification of the spin Hall angle and the spin diffusion length (0.019 and 50 nm, respectively, in the bulk) at the Bi/Py interface (À0.071 and 2.4 nm, respectively), due to the electric field across this interface which locally shifts the Fermi level in Bi. In our stacks, the presence of the native Fe oxide impedes the band bending at the magnetic layer/Bi contact and suppresses any anomalous contribution to the ISH voltage from interfacial effects.
The voltage due to the ISHE generated in our samples can be calculated using the following expression:
where f is the frequency of the microwave field, r Bi and r Fe are the charge conductivities of Bi and Fe layers and t Bi and t Fe are their thicknesses, L is the length of the Fe/Bi stack being excited by the microwave field (500 lm), g "# is the spin-mixing conductance at the Fe/Bi interface, k sd is the spin-diffusion length in Bi, h is the angle of magnetization precession in the Fe layer, and P is the correction factor accounting for the elliptical nature of the magnetization trajectory due to the strong perpendicular demagnetization fields. 17 Moreover, the difference in the Gilbert damping parameter, a, for a Fe/Bi bilayer with a sufficiently thick Bi layer, a Fe=Bi , and for a Fe sample without Bi capping, a Fe , allows the determination of the spin-mixing conductance
where g is the Land e factor, l B is the Bohr magneton, and M S is the Fe saturation magnetization. ). We attribute this to the insulating nature of the Fe oxide layer present at the interface, which partly suppresses the spin pumping from the ferromagnetic layer. Hence, at the price of this reduced transparency, interfacial contributions are overcome and only "bulk" ISHE in Bi can be considered. Moreover, the analysis of the dc voltage dependence on the Bi thickness (see Fig. 3(c) ) demonstrates the predominance of bulk contributions to the dc signal measured in our Fe/Bi stacks.
The variation of the Fe/Bi bilayers conductance with Bi thickness is displayed in Figure 3(b) . The resulting linear variation indicates a constant resistivity of the Bi layer: q Bi ¼ 132 lX cm, in very good agreement with the bulk value (130 lX cm). Fitting the Bi thickness dependence of the ISH voltage at different microwave frequencies with the expression given by Eq. (2) (see Fig. 3(c) ), we have extracted the value of the spin Hall angle and the spin diffusion length at each frequency in Fig. 3(d) . They are both found to be, within the overall experimental error, frequency independent, which is consistent with the fact that H SH and k sd are material specific parameters. Taking into account all the parameters' values determined at different frequencies, we obtain H SH ¼ 0.0158 (8) and k sd ¼ 15. After analysing the spin-to-charge conversion due to the pure ISHE in Bi, an Ag layer is added on top in order to study the effect of the Bi/Ag interface. For this purpose, we have grown an Fe(10.0 nm)/Bi(8.0 nm)/Ag(20.0 nm) stack, represented in Figure 1(b) , in which the Fe layer is again natively oxidised and the Bi/Ag bilayer is deposited in situ using the same evaporation conditions. Similar to the Fe/Bi stacks, a vertical dc spin current J S is pumped from the Fe layer set in resonance. Inside the Bi layer, this spin current decays exponentially on a length scale given by k sd , leading to a spin current impinging the Bi/Ag interface proportional to exp(Àt Bi /k sd ). For our Fe(10.0 nm)/Bi(8.0 nm)/ Ag(20.0 nm) stack, this corresponds to a decrease of 0.59 with respect to the spin current injected into the Bi layer. The large Rashba coupling at the Bi/Ag interface converts this spin current into a charge current (I IREE ) carried by the Rashba 2DEG. 3, 21 This gives rise, in an open circuit configuration, to the IREE dc voltage, V IREE .
In Figure 4 , we compare the field dependence of the dc voltage measured in two different stacks: Fe(10.0 nm)/ obtained the same sign in both NiFe/Bi and NiFe/Ag/Bi stacks demonstrating that the IREE in Ag/Bi is in the same direction as the pure ISHE in Bi. Therefore, our measurement of an opposite dc voltage in Fe/Bi and Fe/Bi/Ag indicates that the sign of V IREE in Fe/Bi/Ag is opposite to that in NiFe/Ag/Bi. This implies that the Rashba charge current, I IREE , is indeed reversed through the inversion of the order of the Ag and Bi layers composing the interface. Although the measured ISH voltage in Fe/Bi is larger than the IREE voltage in Fe/Bi/Ag, the values converted into charge currents are comparable (see outer axes in Figure 4 ) despite the fact that the spin current injected at the Bi/Ag interface is lower than that at the Bi layer, as explained above. The larger dc charge current obtained in the Fe/Bi/Ag stack cannot be explained via the contribution from ISHE in Ag due to the small and, more importantly, positive, spin Hall angle in Ag, H SH (Ag) ¼ 0.0068(7). 22 Thus from the inferred IREE current in Fe/Bi/Ag, we can extract the value of the IREE length, k IREE , characterizing the conversion of the injected spin current into a 2D charge current
where J C is the 2D charge current density in A m À1 and J S is the spin current density injected at the interface in A m
À2
. From our measurements, we estimate the charge current density to be J C ¼ 1.75 Â 10 À5 A m À1 and the spin current density reaching the interface to be J S ¼ À5.23 Â 10 4 A m
. Thus, we obtain an IREE characteristic length k IREE ¼ À0.33 nm. This value is in very good agreement with the previous measurement 7 of k IREE ¼ þ0.2 nm for NiFe(15 nm)/Ag(tAg)/ Bi(8 nm) stacks with t Ag ¼ 5 nm and k IREE ¼ þ0.33 nm for t Ag ¼ 20 nm.
To summarize, we have determined here, from the ISHE measurements on Fe/Bi stacks, values for the spin Hall angle and the spin diffusion length in Bi of H SH ¼ 0.0158(8) and k sd ¼ 15.3(5) nm, in good agreement with the previous reports. 13, 15 Based on these results, we have shown that the contribution due to IREE in Fe/Bi/Ag stacks has an opposite sign, thus demonstrating that the sense of the Rashba charge current is determined by the order of the Ag and Bi sequence. This confirms the IREE nature of the spin to charge conversion at the Ag/Bi interface and paves the way for future research on design of spintronic devices, where the controlled generation and detection of spin currents are required.
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